This study presents the electrochemical studies of activated carbon prepared from palm kernel shell (ACPKS), with CaO impregnation. The CaO is obtained from chicken eggshell waste to produce CaO/ACPKS, which shows highly porous honeycomb structure with homogeneous distribution of CaO nanoparticles (30-50 nm in size). The prepared materials are evaluated as supercapacitor electrodes by testing their electrochemical characteristics. A high specific capacitance value of 222 F g -1 at 0.025 A g -1 is obtained for CaO/ACPKS, which is around three times higher than that for ACPKS (76 F g -1 ). In addition, electrochemical impedance data show lower impedance for CaO/ACPKS. Lastly, a practical symmetrical supercapacitor is fabricated by CaO/ACPKS and its performance is discussed.
Introduction
As a move to preserve the environment with low-cost material, waste precursors can be the potential source for the production of carbon-based materials. Oil palm biomass residues (leaves, fronds, trunks, fruit bunches, kernel shells and fibers), produced from oil palm industries, are abundant in southeast Asia [1] , with around 73.74 million tons per year in Malaysia [2] . A common practice in managing oil palm residues is burning, which gives rise to environmental issues. Furthermore, it is a loss from the economic point of view as these wastes are composed of high carbon content (about 18 wt%) [2] and can be the potential source for the production of carbon-based material.
Carbon materials have a crucial role in the fabrication and development of alternative clean and sustainable energy technologies (supercapacitor electrode construction) [3] [4] [5] [6] . Many carbon-based materials are widely studied for energy storage supercapacitor due to their abundance, high surface area, good electrical conductivity, low production cost, high power and energy densities, short charging time and long cycling stability. These carbon materials include activated carbon (AC), C60, carbon nanotubes in both forms single-walled (SWCNTs) and multi-walled (MWCNTs), single-walled carbon nanohorns (SWCNHs), carbon nanospheres, carbon nanoparticles, carbon nano-onions, carbon capsules and graphene [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Carbon materials have been synthesized from different waste sources such as banana fibers, argan (Argania spinosa) seed shells, corn grains, camellia oleifera shell, oil palm (empty fruit bunches and leaves), sugarcane bagasse and scrap waste tires [8, [16] [17] [18] [19] . AC prepared from camellia oleifera shell showed a specific capacitance of 374 and 266 F g -1 in 1 M H 2 SO 4 and 6 M KOH electrolytes, respectively [8] . In addition, the symmetrical supercapacitor by the activated carbon from sugar cane bagasse exhibited a specific energy and capacitance of 10 Wh kg
and 300 F g -1 , respectively [16] . The electrochemical behavior of the carbon material derived from banana fibers chemically activated by KOH and ZnCl 2 was studied in a neutral electrolyte (1 M Na 2 SO 4 ), the non-faradaic electrostatic sorption of ions at the electrode surface mainly governs the electrode capacitance [3, 17] .
In addition, CaO could be obtained from eggshell as waste precursor [20, 21] . CaO impregnated AC was used as a catalyst for the deoxygenation in biodiesel production [20, 22] . To the best of our knowledge, calcium-based AC has not been reported as a supercapacitor electrode. The incorporation of calcium was found to enhance the charge storage ability, the electrical conductivity and the electrochemically active surface area [23] . This study aims to investigate and evaluate the low-cost electrode materials for supercapacitor application. The materials in this work were prepared from palm kernel shell and they were impregnated with CaO from waste eggshell. Their morphological and surface area properties were studied as they play a critical role for the ions adsorption as well as diffusion during electrochemical process. Detailed electrochemical studies were conducted on a single electrode and practical symmetrical supercapacitor, using cyclic voltammetry (CV), galvanostatic charge-discharge (CDC) and electrochemical impedance spectroscopy (EIS).
Materials and methods

Samples preparation and characterization
The activated carbon was prepared from palm kernel shells and termed as ACPKS. The prepared ACPKS was then impregnated with CaO obtained from chicken eggshell waste and termed as CaO/ACPKS. The sample preparation and characterization were reported in detail in our previous works [21, 24] . Briefly, palm kernel shells waste was provided by United Palm Oil Mill, Nibong Tebal, Malaysia, washed with deionized water, dried at 105°C and then followed by mechanical grinding. The sample (0.5-1.0 mm) was mixed with KOH (1:4) and heated in a tubular horizontal furnace at 750°C for 2 h in N 2 atmosphere to perform carbonization process. The produced AC was cooled and washed with diluted HCl and deionized water. On the other hand, the chicken eggshells waste (CaO precursor) was collected, cleaned from impurities, blended, sieved (0.25-0.5 mm) and finally dried at 105°C. The obtained material was soaked in acetic acid to get a calcium solution. Finally, this calcium solution was utilized for the AC impregnation. A ratio of 0.2 g of AC per mL of calcium solution was utilized. All experiments were performed at 30°C using a temperature-controlled stirrer operated at 150 rpm and the contact time of 4 h. Finally, the impregnated AC was heated at 800°C for 1.5 h to obtain CaO/ACPKS. As the electrochemical properties are directly dependent on the materials morphology and composition, therefore their surface morphology was monitored by a JEOL (JSM7800F) field emission scanning electron microscope (FESEM) connected with EDX mapping.
Electrochemical studies
The electrodes were fabricated from the active materials (CaO/ACPKS and ACPKS), carbon black and polyvinylidene fluoride in the weight ratio of 90:5:5 on nickel foam. The active material mass on the electrode was around 5 mg. The electrochemical performance was studied using three-electrode system which consists of the active material, Ag/AgCl (CH Instrument) and Pt wire (CH Instrument) as working, reference and counter electrodes, respectively. A practical symmetrical supercapacitor was made using two electrodes with active material sandwiched and pressed into a coin cell design. The electrochemical data were collected using potentiostat/galvanostat equipped with frequency response analyzer (AUTOLAB PGSTAT30). CV tests were performed in different potential ranges at different scan rates. CDC tests were performed at different current densities. EIS data were collected from 50 kHz to 0.01 Hz, at open circuit potential (OCP) with a.c. amplitude of 10 mV. 1 M Na 2 SO 4 was used as electrolyte throughout all electrochemical measurements.
Results and discussion
Structural and morphological analyses
Detailed analyses of samples were reported in our previous works [21, 24] . FESEM images show highly porous honeycomb structure of both ACPKS and CaO/ACPKS (see Fig. 1 ). For CaO/ACPKS, CaO nanoparticles in the size range of 30 to 50 nm are homogeneously distributed on the surface of AC. The elemental analyses were performed by EDX as shown in Fig. S1 and listed in Table S1 . For ACPKS, high carbon (80.15%) and low oxygen (18.19%) contents are shown together with very low amount of potassium (1.66%) which may be attributed to the KOH used for the activation process. On the other hand, CaO/ACPKS shows 6.39% calcium as a result of the successful impregnation process as confirmed by FESEM images. In addition, surface area analyses showed the high surface area of 776.4 and 476.7 m 2 g -1 for ACPKS and CaO/ACPKS, respectively (see Fig. 2 ). The lower surface area for CaO/ ACPKS could be associated with the pores blockage by CaO particles [25] . Nonetheless, both ACPKS and CaO/ACPKS demonstrated the comparable mesoporosity with average pore diameters of 3.9 and 3.5 nm for ACPKS and CaO/ACPKS, respectively. Consequently, the void fraction is found to be 43% for ACPKS and 28% for CaO/ACPKS. This mesoporosity is crucial for ions adsorption and diffusion during the electrochemical process and its effect toward charge storage is further investigated in this work.
Electrochemical studies Electrochemical performance of the supercapacitor electrode
In order to confirm the potential limit of ACPKS electrode, CV and CDC were performed in 1 M Na 2 SO 4 in different potential windows as shown in Figure 3a, b shows CV curves for ACPKS and CaO/ACPKS electrodes at different scan rates, respectively. Both electrodes exhibit rectangular-like shapes without any faradaic redox peaks at all scan rates. This reveals the ideal electrochemical double layer capacitance (EDLC) behavior for both electrodes and the absence of pseudocapacitance effect.
The charge storage mechanism in ACPKS and CaO/ACPKS electrodes were investigated by Trasatti's analysis, according to the following equations [26, 27] :
where Q (t) and Q C are the total measured the voltammetric charge and capacitive charge, respectively, Q T is the total amount of stored charge, a is a constant and t represents the scan rate. Q C can be obtained by extrapolating the plot of Q (t) versus t -1/2 (Fig. 3c) ; while Q T can be obtained by extrapolating the plot of 1/Q (v) versus t 1/2 (Fig. 3d) . Diffusive charge (Q D ) which is associated with the ions intercalation and it can be obtained from the difference between Q T and Q C . The summary of Q D , Q C and Q T values is tabulated as Table 1 . As expected, ACPKS exhibits high EDLC behavior by having dominant charge storage in the capacitive mode (Q C of 76.3%). It is worth mentioning that the impregnation of CaO in the CaO/ACPKS changes the charge storage behavior into the diffusive mode (Q D of 75.2%). It implies that more charges are stored through the intercalation/de-intercalation of ions on the CaO/ ACPKS structure. Nanometer pore diameter is proven to facilitate ions adsorption in supercapacitors [28, 29] . On the other hand, CDC curves of both electrodes at different current densities are shown in Fig. 4a , b. Both electrodes show a similar trend by having linear curves under a wide range of current, with negligible iR drop (4.3 mV which is around 0.71% of the total potential window) as shown in the insets of Fig. 4a , b. Basically, iR drop (in terms of energy) is the energy dissipated during the flow of electrons due to any kind of resistance in the device. Figure 4c compares CDC curves at 0.25 A g -1 for ACPKS and CaO/ACPKS and clearly shows the longer discharge time of CaO/ACPKS as compared to ACPKS, indicating higher charge accumulation and higher capacitance. The specific capacitance was obtained from CDC data using the equation reported elsewhere [21, 30] . Figure 4d shows the specific capacitance for ACPKS and CaO/ACPKS as a function of current density. CaO/ACPKS shows high specific capacitance value of 222 F g -1 at 0.025 A g -1 , which is around 3-times higher than that for ACPKS (76 F g -1 at 0.025 A g -1 ). As revealed by Trassati's analysis, the capacitance enhancement in CaO/ ACPKS can be attributed to the intercalation/de-intercalation of ions on CaO/ACPKS, as compared to the pure EDLC of ACPKS. These findings are also compared with specific capacitance values of AC impregnated with other materials, including carbon, polymer and metal oxide as listed in Table 2 . Figure 5 shows Nyquist plots obtained in 1 M Na 2 SO 4 at OCP for both for ACPKS and CaO/ACPKS electrodes. The insets are the high-frequency region zoomed view of measured and the equivalent circuit used for data fitting. The Nyquist plots show a semicircle in the high-frequency region and a nearvertical line at low frequency. The near-vertical line in the low-frequency region indicates the good capacitive of the cell. The solution resistance (R s ) values were estimated from the intercept at the real axis of the high-frequency range and charge transfer resistance (R ct ) values were estimated from the diameter of the semicircle. Solution resistance (R s ) values were found to be 2.62 and 0.92 X for ACPKS and CaO/ACPKS electrodes, respectively. The charge transfer resistance (R ct ) values were found to be 0.86 and 0.44 X for ACPKS and CaO/ACPKS electrodes, respectively. CaO/ACPKS shows very low resistances if compared to reduced graphene oxide (0.58 X) [50] , RuO 2 ÁxH 2 O/carbon nano-onions (0.585 X) [11] , oil palm fronds (0.62 X) [7] and MWCNTs (5.13 X) [51] . In addition, the capacitance, constant phase element and Warburg resistance were found to be (0.25 mF, 0.037 X -1 s n and 0.08 X) and (0.37 mF, 0.013 X -1 s n and 0.13 X) for ACPKS and CaO/ACPKS electrodes, respectively. The smaller impedance on CaO/ACPKS indicates the CaO impregnation could improve the structural conductivity. The electrochemical active specific surface area (S E ) can be estimated from Eq. (3) as [30] :
where C d is the areal capacitance for carbon material (20 lF cm -2 ); C dl was obtained from EIS data at 0.01 Hz using the equation:
Þ [52] , where, f is the frequency and Z 00 is the impedance imaginary part. The calculated values of S E at OCP 
Electrochemical performance of the practical symmetrical supercapacitor
The energy stored in a supercapacitor is directly proportional to the capacitance and the potential, therefore increasing the operating voltage of supercapacitors is crucial. Generally, the operating voltage is limited by the potential window of the electrolytes [4, 19] . Figure 6a compares the CV curves of symmetrical supercapacitor made by CaO/ACPKS electrodes at 25 mV s -1 under potentials windows range from 0.0 to 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0 V. The symmetrical supercapacitor shows the near-rectangular CV shape in all potential windows. The inset of Fig. 6a shows the specific capacitance increases with increasing the potential window. However, CV curves with a potential window of 1.8 and 2.0 V show significant faradaic current at potential higher than 1.8 V, which could be detrimental to its stability. Therefore, the potential window of 1.6 V was used for the subsequent testing. In addition, the CV at all scan rates with potential windows of 1.0 and 1.4 V are shown in Fig. S3a-b . They show near-rectangular CV shape under all scan rates up to 100 mV s -1 . Figure 6b shows the linear charge-discharge curves at 0.1 A g -1 under different potential ranges. Calculation (Fig. 6c) shows that the highest specific capacitance can be attained at the potential range of 1.6 V. The high capacitance and large operating voltage of this symmetrical supercapacitor implies the high energy storage capability. Moreover, the symmetrical supercapacitor shows a linear discharge curves under different current density range from 0.1 to 1.0 A g -1 with potential windows of 1.4 V as shown in Fig. S3c . The specific capacitance is increased with decreasing current density (Fig. S3d) .
The symmetrical supercapacitor displays a high potential cycling stability as shown in Fig. 7a . Only about 7% decrease in the specific capacitance is observed after 3300 CDC cycles at 1 A g -1 , indicating the repetitive CDC cycling induces noticeable degradation of neither the structure nor the morphology. CV (Fig. 7b ) was used to further investigate the electrochemical stability [7, 53] . CV at 25 mV s -1
shows identical curves before and after CDC cycling, confirming the high electrochemical stability of CaO/ ACPKS. Similar behavior was also observed for RuO 2 /AC system [48] . The energy (E) and power (P) densities can be calculated from CDC data using Eqs. (4) and (5), respectively [54] .
Ragone plot of the practical supercapacitor is shown in Fig. 7c . The supercapacitor shows a high energy density of 27.9 W h kg -1 at a power density of 85.7 W kg -1 . This energy density is higher than that obtained for porous nanocarbons from biowaste oil palm leaves precursor ( 
